Moine rocks of Sutherland have been analysed for twenty-six elements by XRF analysis. 0) Very rare epidotic hornblende schists within pelite, possibly derived from volcanic ash deposited penecontemporaneously with the pelite (2 analyses). (2) Major and minor bodies of 'early Moine' schistose garnetiferous amphibolite intruded early in the deformational sequence (4 L analyses). (3) Small bodies of 'Loch a' Mh6id metadolerite', intruded later in the deformational sequence (23 analyses). Rare Moine ultrabasites are associated with these metadolerites and probably formed from the same magma as olivine cumulates. These ultrabasites (5 analyses) are chemically distinct from Lewisian ultrabasites (both in the basement sheets within the Moine rocks of Sutherland and in the foreland Lewisian rocks) and from the Glen Urquhart ultrabasic body (3 analyses).
Using variation diagrams it is inferred that chemical variation in these amphibolites is due largely to pyroxene and plagioclase crystallization in the early amphibolites and olivine, pyroxene, and plagioclase crystallization in the Loch a' Mh6id metadolerites and ultrabasites, followed in both cases by high-level fractionation. This has led to high values of incompatible elements in many of the early amphibolites. Although geochemical discrimination diagrams tend to give ambiguous results for many of these rocks, the early amphibolites are shown to be tholeiitic in nature with a chemistry transitional between within-plate and island-arc type basaltic magma. The Loch a' Mh6id metadolerites are mildly alkaline within-plate type basaltic magma.
T H E Moine amphibolites of this area ( fig. I ) can be categorized into three groups on the basis of their field appearance and structural relationships: Rare epidotic hornblende schists occurring within the Cnoc an Dhaimh Beag pelite west of the Mudale Lewisian sheet. Schistose sheets and lenses of usually garnetiferous amphibolite, the'early Moine amphibolites'. Small bosses, lenses, and rare minor sheets of metadoleritic or metagabbroic amphibolite, the 'later Loch a' Mh6id amphibolites'.
Associated with the Loch a' Mh6id amphibolites are rare bodies of ultrabasite. Some previous authors (Read, I93I, 1934; Cheng, 1942, I943; Garson and Plant, I973; Johnson, I975) have
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confused the suites of Moine metabasic and metaultrabasic rocks with the Lewisian amphibolites, garnet-pyroxene granulites and meta-peridotites of the basement sheets (fig. I ; Flett, I9o6; Read, I93I, 1934; Moorhouse, I976; Moorhouse and Harrison, I976; Harrison and Moorhouse, 1976; Moorhouse and Moorhouse, I977) . However, once the boundaries of the basement sheets have been correctly delineated, the Lewisian basic and ultrabasic rocks are found to be restricted within these boundaries whereas the Moine amphibolites and ultrabasites occur within both the Moine cover sequence and the Lewisian basement sheets. In addition there are petrographic and geochemical distinctions between Moine and Lewisian rocks (to be dealt with elsewhere; see brief description of north Sutherland Moine and Lewisian basic rocks in Moorhouse and Moorhouse, I977). 
Field relations and petrography
The early Moine amphibolites. Amphibolites and hornblende schists belonging to this category are found throughout central and northern Sutherland. They comprise dark-green hornblende, oligoclase-andesine and quartz___ garnet, biotite, epidote, apatite, sphene, and titaniferous ore. There are no indications of the original igneous mineralogy, the feldspar is often relatively fresh, and the opaque ore rimmed with sphene.
These amphibolites typically occur as small sheets, less than io m in length and with a maximum thickness of the order of I m, but occasional larger bodies, several metres thick and some tens of metres long, and some large sill-like sheets of the order of Io km in length are found. They have the appearance of transgressive dykes or sills now largely concordant with the regional foliation and they usually contain a strong mineral lineation and schistosity, which are axial and axial planar to the Loyal (Ds) phase folds, which fold some of the smaller sheets (Table I ). These Loyal folds may sometimes be observed to fold an earlier biotite schistosity only recognizable in the (lowstrain) hinge area of the fold, whereas in the (highstrain) limbs the two schistosities are indistinguishable. This is especially well seen where pre-Loyal folding garnets occur in the hinge zone of a Loyal phase fold of the Ard Mor amphibolite (NC 7o2 626). When traced into the limbs of the fold the garnets become flattened and streaked out. Therefore, all of the amphibolites in this group were probably intruded prior to the third (Loyal) deformation phase recognized in central and northern Sutherland (Table I) ; some at least were apparently subjected to an earlier metamorphic event producing garnets and a biotite schistosity and were possibly syn-, or pre-, D2 intrusives.
Very occasionally heavily retrogressed examples of this group of early amphibolites are found (53-155A, 53-149, Table VII ; note the high K20), where the hornblende is largely replaced by deep redbrown biotite and garnet by quartz, ore, epidote, and micas.
Four groups of early Moine amphibolites were separated initially on the basis of their distribution and field appearance:
The Ben Hope Silt (Read, i93i ; Moorhouse and Moorhouse, I977), a schistose, garnetiferous amphibolite forming an extensive sheet (up to o.5 km in outcrop width) in the dominantly psammitic Moine of north Sutherland. It can be traced some 14 km from the Kyle of Tongue to the western scarp of Ben Hope ( fig. 0 .
The Altnaharra amphibolites, schistose garnetiferous amphibolites occurring as small sheets and lenses, very common in the psammitic and semipelitic Moine and also intruding the Lewisian basement sheets of central Sutherland.
The Grumbeg amphibolites occur as small lenses and pods in the garnetiferous semipelites between the Naver Lewisian basement sheet and the Klibreck migmatite zone ( fig. I ). They are somewhat similar in appearance to the smaller Altnaharra amphibolite lenses, but they contain fewer garnets and are rather fine-grained.
The Bettyhill amphibolites, often folded, schistose sheets and lenses of usually garnetiferous amphibolite from within Moine semipelitic schists around Bettyhill itself and within Moine biotite gneisses to the east of Bettyhill.
The later, Loch a' Mhrid amphibolites. These are most abundant intruding Moine psammites near Loch a' Mh6id (NC 566 41o) and south to the River Mudale. A few examples occur east of the Naver Lewisian, e.g. NC 637 386, and a large body intrudes the strongly deformed Dherue Lewisian sheet (NC 535 452) . This latter body consists partly of a more mafic than normal amphibolite, possibly a crystal cumulate.
The usual mode of occurrence is as small bosses, or lenses, up to I5 m in width, although some small dyke-like sheets (a few metres long, 0.5 m wide) also occur. The centres of the larger bodies are often noticeably coarser than the margins. Actual con-tacts are very rarely exposed but the body forming Cnoc a' Gharb-uilt (NC 553 375) has a fine-grained margin and has strongly recrystallized the immediately surrounding psammite. In these amphibolites (even the smallest sheets) only one, usually weak, schistosity is seen and some igneous texture is often preserved.
In the least altered examples, especially from the larger bodies, the feldspar is zoned and extremely cloudy, containing needles of (?)zoisite and is of at least intermediate anorthite content. Large areas are made up of mosaics of tiny blue-green hornblendes (? replacing original pyroxene) with penetrating feldspar crystals giving a texture reminiscent ofophitic gabbro or dolerite. The more altered examples may be somewhat schistose with fresh oligoclase-andesine, sphene haloes around opaque ore, epidote may be common, and the hornblende occurs in larger crystals with a rough alignment. This preferred orientation is seen in many specimens as a rudimentary south-east plunging lineation.
It is believed that these metadolerites were intruded after the Loyal (93) folding phase (Table  I) as this produces a strong schistosity ($2) and intense mineral lineation (L2) in the early Moine amphibolites. This Loyal fabric is absent from even the smallest Loch a' Mh6id amphibolite bodies. It is most likely that the schistosity and lineation evident in some of the metadolerites were produced by the Gallaig (D4) phase ($3 and L3, Table I ).
Ultrabasic Moine rocks. Three exposures of a schistose tremolite-chlorite-serpentine-carbonateore rock, with relict olivine, occur in the area. One of these exposures is a small lens (z m long) within normal Moine psammite (NC 551 384). The largest of the exposures (a lens some I5 m thick) is in the crags above Strath Dherue (NC 539 452) within highly altered Lewisian rocks of the Dherue basement sheet (fig. I ). The third exposure is within Moine psammites, near Mudale (NC 556 358) but no contacts can be seen. The large ultrabasic body marked on Geological Survey maps south of Loch an Dherue (NC 540 z}6o) apparently does not exist, only ice-carried boulders of ultrabasite are seen, which are chemically and mineralogically identical to the Strath Dherue body (NC 539 451), which lies immediately to the south.
Interestingly the Strath Dherue and Mudale bodies are closely associated with quite large bodies ofLoch a' Mh6id amphibolite but no connection of any sort is exposed in the field. It has not yet proved possible to locate these ultrabasics with any certainty within the structural framework for central and northern Sutherland ( fig. i) . Within the pelite are two small exposures of hornblende-epidote schists. These share all the fabric elements of the metasediments and have an association of pale-green amphibole and epidote reminiscent of certain calc-silicate pods, which are not uncommon in the psammites of central Sutherland.
GEOCHEMISTRY

Analytical methods and results
All the samples (except two from the Ben Hope Sill) were analysed for twenty-six elements by X-ray fluorescent spectrometry at Hull University. Major elements were determined using the fusion method of Norrish and Hutton (I969), except Na, which was determined on powder pellets using calibrations derived from wet chemical analyses. The trace elements were determined on powder pellets, initial calibrations being obtained using a spiking technique (Leake et al., I969) on thirty-four different matrices, after which a correction for mass absorption effects, calculated from the intensity of scattered tube lines, was applied where appropriate.
All the major-and trace-element analyses of Moine amphibolites and ultrabasites used in this study are listed in Tables IV to XII. (Table II) illustrate the main differences between the amphibolite suites. The Altnaharra group are higher in TiO2, K20, P205, Rb, Y, Zr, La, and Ce than the Loeb a' MhTid amphibolites. The Ben Hope Sill rocks are chemically intermediate in a number of respects between these two groups but they are extremely low in K20 and Rb, and low in P2Os, Zr, Ba, and La compared to the other amphibolite suites. The Grumbeg amphibolites have Na20, K20, and Rb similar to the Altnaharra group but some other elements (especially TiO2 and Y) have values closer to the Ben Hope Sill rocks.
T A B L E I I. Average values for selected elements in the amphibolites
The Bettyhill amphibolites have a chemistry overlapping the Altnaharra amphibolites at high values of the marie index ( fig. 2 ), but at lower values of the index they are similar to some of the Loch a' Mh6id metadolerites. They are distinct from the Ben Hope Sill rocks in having higher TiO2, K20, P205, Y, and Zr. They fall on the same trend as the Altnaharra amphibolites and extend this trend to lower values of the marie index.
Two amphibolites from the Moine of Invernessshire have been analysed for comparative purposes (WI and W4, Table X), the first is from Loch Eil Division psammite and the second from within the west Highland granite-gneiss at Quoich Dam. In field appearance they are similar to some of the early Moine amphibolites of Sutherland but they are not highly garnetiferous. Chemically they are comparable to the Altnaharra amphibolites but have even higher TiO2, K20, P205, Y, and Zr (Table II) .
Comparison may also be made with the only other detailed geochemical work on Moine amphibolites, that of Winchester (I976) from northern Ross-shire. He separated an apparently early group of garnet amphibolites (Sgurr Mor type) with alkaline affinities from a probably later group of garnet amphibolites (Meall an t-Sithe type) of tholeiitic affinity. His early alkaline amphibolites are chemically somewhat similar to the Loeb a' Mh6id metadolerites but structurally and texturally they are completely dissimilar. The Meall an t-Sithe group appears to be similar both in field relations and geochemistry to the early Moine amphibolites of Sutherland. The former have lower or equal values of TiO2, Zr, and Y to the Altnaharra type, but lower values of marie index as, although the total iron contents are approximately equal, the Meall an t-Sithe group are higher in MgO. The K20 and Rb levels of the Ross-shire rocks are intermediate between the Ben Hope Sill and Altnaharra group values but the Na20 contents of the Meall an t-Sithe group are lower than almost all the Sutherland amphibolites. In addition the Meall an t-Sithe Cr is higher and the Ni values lower than those of the Sutherland early Moine amphibolites.
Included in the variation diagrams are the two analyses of amphibolites from within the Cnoc an Dhaimh Beag pelite. They are much richer in SiO2 than the other amphibolites and comparison with analyses of the pelite (Moorhouse, thirteen unpublished analyses) indicates that the two amphibolites are somewhat higher in CaO and Na20, and lower in Rb and Th, but all other elements are within the pelite range. The para-or ortho-amphibolite discrimination criteria of Leake (1964) and van de Kamp (I969) cannot give a definite result as insufficient examples are available to develop a trend. As these rocks share the same fabric as the pelite they are possibly older than the early Moine amphibolites and may be derived, at least in part, from volcanic ash deposited contemporaneously with the pelite sedimentation.
The Moine ultrabasics
Read (I93I) mentions the Mudale ultrabasic body and refers to the Dherue ultrabasic boulders as an intrusive body. He regarded them as forming a single intrusive suite with the meta-peridotitic ultrabasites found in the Lewisian basement sheets, whereas Garson and Plant (1973) apparently regarded all the ultrabasic rocks in central and northern Sutherland as forming their 'Moine ophiolite zone'.
However, quite apart from any difference in field relations, when the geochemistry of the Sutherland Moine ultrabasites (Table XI) is compared with that of the Lewisian ultrabasites, from both the Sutherland basement sheets and the foreland Lewisian, they are seen to be quite dissimilar. The Lewisian ultrabasics from both these situations are closely analogous but the Moine ultrabasic rocks are chemically distinct having higher TiOE,.total iron, P205, Ga, Cu, Zn, Sr, Zr, and Nb (Table III) .
All the Lewisian samples have more Cr than the Moine rocks, this is consistent with their original two-pyroxene-olivine mineralogy, whereas the high-Ni, low-Cr Moine ultrabasites were probably olivine cumulates with subordinate pyroxene, as indicated by the variation diagrams (figs. 3, 4). The Ni versus Cr plot ( fig. 5) shows a complete separation of Lewisian and Sutherland Moine ultrabasites.
Three samples of the Glen Urquhart ultrabasic body were analysed for comparison (Table XII) as it has been considered by some authors to be intrusive into the Moine (Francis, 1956; Garson and Plant, 1973) . Interestingly, the Urquhart 215 samples are geochemically analogous to the Lewis-. ian ultrabasites (Table III, fig. 5 ); the significance of this is currently the subject of further research.
Origin of the chemical variation in the amphibolite suites
Variation diagrams (figs. 3, 4) have been Used to determine if the chemical variation in the amphibolite suites is likely to be of igneous origin, i.e. compatible with the addition or subtraction of various hypothetical mineral species in order to obtain less basic compositions from the more basic, or vice versa, in each suite. * Analysed by X~F at Bi~ingham Unive~ity, essentially a~ described by Leake et al. (1969) . (i 976, 1977) , has demonstrated that several geochemically immobile, or relatively immobile, elements may be satisfactorily utilized to classify some altered basaltic rocks and amphibolites into alkalic and tholeiitic (or sub-alkaline) magma-types and to suggest the tectonic setting of the original eruptive activity.
T A B L E I I I. Average values for selected elements in the ultrabasites
Therefore a number of these authors' discrimina-" tory functions have been plotted to determine if these methods are compatible and capable of yielding a consistent interpretation of the differentiated amphibolite suites from the Suthedand Moine.
Magma-type discrimination. Pearce and Cann (1973) and Floyd and Winchester (1975) (I976) showed that these relatively immobile elements may be used to discriminate the original magma-type of certain amphibolites. On these diagrams ( fig. 6 ) all the Sutherland Moine amphibolites appear to be tholeiitic in nature, in spite of the relatively high TiO2 content of many of the early amphibolites. However, Winchester and Floyd 0977) introduced new discrimination diagrams and suggested a Nb/Y ratio of 0.67 (rather than the previous I.o) to divide sub-alkaline from alkaline basalt suites. On their SiO2 versus Nb/Y plot ( fig. 7 ) almost all the early Moine amphibolites fall in the subalkaline field, with a trend towards andesites, whereas the Loch a' Mh6id amphibolites transgress from the sub-alkaline into the alkaline basalt field with a mild alkaline trend. When the Sutherland amphibolites are plotted on Winchester and Floyd's Zr/TiO 2 versus Nb/Y diagram ( fig. 8 ) the early Moine amphibolites overlap from the andesite to basalt field into the andesite field with most of the Altnaharra group plotting as andesites. It is noteworthy that the Meall an t-Sithe amphibolites of Winchester (I976) would also plot in the same fields on both diagrams as the Sutherland early Moine amphibolites. Clearly these two diagrams are not compatible, at least with respect to Moine amphibolites.
Tectonic setting discrimination. On the Ti-Zr-Y diagram of Pearce and Cann (I97t, I973) (Jakes and Gill, 197o; Jakes and White, 1972 ) . Such a plot was used by Thorpe (1972) to indicate the OFB affinity of certain rocks from Anglesey. None of the amphibolites in this study appear to have a rare-earth affinity with ocean-floor basalts, based on the Y-La-Ce plot ( fig. I2 ).
It would appear from these plots that the Ben Hope Sill rocks and half the Bettyhill amphibolites are similar to island-arc basal 9 whereas the Altnaharra, Grumbeg, and the other half of the Bettyhill amphibolites are similar to calc-alkali basalts. It does not seem likely that the Sutherland Moine is an island-arc environment and when the rocks are 
Discussion and conclusions
One of the main conclusions to he drawn is that these discriminatory functions must be applied with perspicacity as routine application can lead to greatly misleading results. Many of these diagrams are not very useful for ancient differentiated amphibolites, indeed they are probably not very useful for differentiated basaltic rocks of any age. For example, the Nuanetsi basalts of the Karroo series (Cox et al., 1967) . 7) , and Zr/TiO2 versus Nb/Y ( fig. 8 ) diagrams. They also display a marked trend towards extreme iron enrichment on the AFM diagram, which is characteristic of both continental and oceanic tholeiites.
The Altnaharra amphibolites plot as calc-alkali basalts on the Ti-Zr-Y diagram ( fig. 9 ) and as andesites or andesite/basalts on the Zr/TiOz versus Nb/Y plot ( fig. 8 ). However, this is at variance with the tholeiitic trend on the AFM diagram and on the SiO2 versus Nb/Y diagram they fall in the subalkaline basalt field. This anomally is probably due to the fact that these rocks have been subject to marked high-level fractionation with Zr remaining incompatible longer than TiO2 and thus being enriched relative to TiO2 in some cases. Indeed the Altnaharra group do describe a negative trend on the Zr/TiO2 versus Nb/Y plot. Therefore this plot may give misleading results with highly fractionated rocks. Similarly high-level fractionation might cause the Ti-Zr-Y diagram to give somewhat misleading results. One effect of this fractionation could be the spreading of points parallel to the Ti-Zr join on the Ti-Zr-Y diagram ( fig. 9 ) and the negative trend of points on the analogous Zr/Y versus TifY plot ( fig. I3b ) . A third to one-half of the Bettyhill amphibolites but only one of the Ben Hope Sill rocks fall on a similar trend.
Therefore, but for this high-level fractionation it seems probable that all the early Moine amphibolites would fall in the field of island-arc tholeiites and ocean-floor basalt on the Ti-Zr-Y plot, which would be at variance with their geological setting. Although the Ti-Cr diagram classifies most of the early Moine amphibolites as ocean-floor basalts, this is obviously due to Ti increase relative to Cr by fractionation. In any case they do not occur in an ocean-floor setting nor do they have any rare-earth affinity with oceanic rocks, as indicated by the evidence of light rare-earth fractionation on the YLa-Ce diagram ( fig. I2 ).
It appears that the early Moine amphibolites are tholeiites with chemical affinities to island-arc basalts transitional towards (continental) withinplate types, as they plot up to and slightly across the boundary on the Ti-Zr-Y and Ti/Y versus ZrfY plots (figs. 9, I3). They have been thoroughly fractionated both at depth and at a high level, and intruded into what was possibly a near-marginal continental setting. They may be compared chemically with the somewhat similar differentiated tholeiites of the Karroo basalts (Cox et al., I967) and the Craters of the Moon National Monument lavas from Idaho (Leeman et al., I976) .
Rocks broadly similar to the early Moine suite of Sutherland apparently occur throughout the northem Highland Moine as evidenced by analogous samples from the Loch Eil Division and the West Highland granite-gneiss at Quoich Dam (WI, W4, Table X ) and the Meall an t-Sithe amphibolites (Winchester, t976 ) from the Ross-shire Glenfinnan Division of the Moine.
